• The brainstem is a major site of integration for autonomic information from neurones, blood and cerebrospinal fluid (CSF). Signals exchange from the CSF is limited by the ependymocytes forming the brain cavities. However neurones contacting the CSF (CSF-cNs) are thought to integrate those signals.
Abstract Cerebrospinal fluid (CSF) contacting neurones have been observed in various brain regions such as the hypothalamus, the dorsal nucleus of the raphe and around the central canal (cc) of the spinal cord but their functional role remains unclear. At the level of the spinal cord, subependymal cerebrospinal fluid contacting neurones (S-CSF-cNs) present a peculiar morphology with a soma close to the ependymal layer, a process projecting towards the cc and ending with a bud and a cilium. These neurones were recently shown to express polycystin kidney disease 2-like 1 (PKD2L1 or TRPP3) channels that are members of the polycystin subtype of the transient receptor potential (TRP) channel superfamily and that have been proposed as either chemoor mechanoreceptors in several tissues. Using immunohistological techniques and whole-cell electrophysiological recordings in brain slices obtained from PKD2L1:EGFP transgenic adult mice, we looked for and determined the functional properties of S-CSF-cNs in the dorsal vagal complex (DVC), a hindbrain structure controlling autonomic functions such as blood pressure, energy balance and food intake. Here, we demonstrate that S-CSF-cNs received GABAergic and/or glycinergic synaptic entries and were also characterised by the presence of non-selective cationic channels of large conductance that could be detected even under whole-cell configuration. The channel activity was not affected by Psalmopoeus cambridgei toxin 1, a blocker of acid sensing ion channels (ASICs), but was blocked by amiloride and by a strong extracellular acidification. In contrast, extracellular alkalinisation and hypo-osmotic shocks increased channel activity. Based on these properties, we suggest that the single-channel activity recorded in medullar S-CSF-cNs is carried by PKD2L1 channels. Our study therefore reinforces the idea that PKD2L1 is a marker A. Orts-Del'Immagine and N. Wanaverbecq contributed equally to the work.
Introduction
In the central nervous system (CNS) of vertebrates, neurones in contact (CSF-cNs) with the cerebrospinal fluid (CSF) had already been described in the late 19th century and were suggested to be part of the circumventricular organs and potentially involved in information transfer from and to the CSF (Vigh & Vigh-Teichmann, 1998; Vígh et al. 2004) . In mammals, this neuronal population is sparsely distributed in several brain regions with exact projection pathways and physiological function largely unknown (Sancesario et al. 1996; Zhang et al. 2003; Xiao et al. 2005) . CSF-cNs have been identified in hypothalamic nuclei where they might take part in neuroendocrine regulations (Vígh & Vígh-Teichmann, 1998; Xiao et al. 2005) . They have also been observed in the dorsal raphe nucleus, a brain region involved in pain modulation and anti-nociception function (Wang & Nakai, 1994; Chuma et al. 2002) . The largest number of CSF-cNs is found in the region surrounding the central canal (cc) of the spinal cord, a plastic zone capable of limited endogenous repairs in the event of spinal injuries (Mothe & Tator, 2005; Meletis et al. 2008) . Recent studies have suggested that spinal CSF-cNs might be important elements of the spinal neurogenic niche because they are present at different stages of neuronal maturity and express molecules involved in migration and differentiation of immature neurones (Stoeckel et al. 2003; Marichal et al. 2009 ). Huang and colleagues (2006) recently developed a transgenic mouse model where EGFP is selectively expressed in polycystin kidney disease 2-like 1 (PKD2L1) positive cells. In the same study, these authors demonstrated the presence of PKD2L1 in spinal CSF-cNs. They also suggested, without analysing their properties, that CSF-cNs are present in the brainstem and the hypothalamus, two major cerebral structures involved in the control of autonomic functions. PKD2L1 (Polycystin-L or TRPP3 channels, HUGO nomenclature) are members of the polycystin subgroup of the 'transient receptor potential' (TRP) superfamily and their activity was shown to be modulated by variation in extracellular pH (Inada et al. 2008; Shimizu et al. 2009; Kawaguchi et al. 2010) and osmolarity (Murakami et al. 2005; Shimizu et al. 2009 ). Polycystin channels are present in various tissues -including kidney, retina and testis but also brain tissues (Wu et al. 1998; Basora et al. 2002) . Although the exact functions of polycystin channels remain unclear in the brain, they are often associated with sensory integration of extracellular signals such as mechanodetection (Nauli et al. 2003) and chemoreception (Ishimaru et al. 2006; Huang et al. 2006; Ishii et al. 2009; Kawaguchi et al. 2010) in other tissues. Therefore, and because they are strategically positioned between CSF and parenchyma, PKD2L1 expressing CSF-cNs, could have functions in chemo-and/or mechanodetection of CSF signals and take part in the control of CSF homeostasis. They could also detect information from the CSF and convey the collected messages to cellular partners. Such a role for CSF-cNs might be particularly relevant at the level of the brainstem since this structure represents a major regulatory site for autonomic functions and integrates neuronal, humoral and CSF circulating signals (Guyenet, 2006; Schwartz, 2006) . However, the presence of CSF-cNs in the brainstem has only been suggested and nothing is known about their electrophysiological properties.
By combining immunohistological and patch-clamp electrophysiological approaches in adult EGFP:PKD2L1 transgenic mice, we demonstrate that PKD2L1 + cells are indeed present around the cc in the dorsal vagal complex (DVC) of the brainstem. These subependymal CSF-cNs (S-CSF-cNs) have a similar morphology to that observed for spinal S-CSF-cNs and mostly receive inhibitory synaptic inputs. We further demonstrate that medullar S-CSF-cNs exhibit a spontaneous single-channel activity sharing all properties known for PKD2L1 channels. The present study corresponds to the first characterisation of S-CSF-cNs in the brainstem and represents a further step in understanding the physiological role of this peculiar neuronal population.
Methods

Ethical approval
All experiments were conducted in conformity with the rules set by the EC Council Directive (2010/63/UE) and the French 'Direction Départementale de la Protection des Populations des Bouches-du-Rhône' (Licence no. 13.435 held by J.T. and no. 13.430 by N.W.). Protocols used are in agreement with the rules set by the Comité d'Ethique de Marseille, our local Committee for Animal Care and Research. Every precaution was taken to minimise animal stress and the number of animals used.
General
We used 8-to 10-weeks-old PKD2L1:EGFP transgenic mice (Mus musculus) obtained by crossing PKD2L1-IRES-Cre with Z/EG (lacZ/EGFP) reporter transgenic mice. Thus, in PKD2L1
+ cells, EGFP expression is selectively induced by Cre recombinase activity (Huang et al. 2006 ). PKD2L1-IRES-Cre mice were a generous gift from Dr C. S. Zuker (Howard Hughes Medical Institute, University of California, La Jolla, CA, USA) and Z/EG reporter lines were kindly provided by Dr P. Durbec (IBDML, Université de la Méditerranée, Marseille, France). All animals were housed at constant temperature (21
• C) under a standard 12 h light−12 h dark cycle, with food (pellet AO4, UAR, Villemoisson-sur-Orge, France) and water provided ad libitum. Data were obtained from 104 transgenic PKD2L1:EGFP adult mice.
Animal genotyping
To assess EGFP expression in PKD2L1 + cells, we carried out PCR on tail genomic DNA from 4-to 5-weeks-old male and female mice. CRE transgene was detected using the forward primer 5 -CGT ACT GAC GGT GGG AGA AT-3 and the reverse primer 5 -CCC GGC AAA ACA GGT AGT TA-3 , with the following PCR conditions: 7 min at 95
• C, 35 cycles at 95
• C for 40 s, 62
• C for 40 s and 72
• C for 40 s, followed by a final step at 72
• C for 6 min. The amplicon size was 166 bp. EGFP was detected using the forward primer 5 -GCC ACA AGT TCA GCG TGT CC-3' and the reverse primer 5 -GCT TCT CGT TGG GGT CTT TGC-3 , with the following PCR conditions: 5 min at 95
• C, 36 cycles at 95
• C for 30 s, 62
• C for 30 s and 72
• C for 7 min. The amplicon size was 573 bp.
Slice preparation and electrophysiology
Brainstem slice preparation. Adult mice (8-10 weeks old) were anaesthetised with an intraperitoneal injection of ketamine (Carros, France) and xylazine (Puteau, France) mixture (100 and 15 mg kg −1 , respectively). Coronal brainstem slices were prepared as previously described by Roux et al. (2009) . Briefly, anaesthetized animals were decapitated, and the brain rapidly removed and submerged in ice-cold (0-4
• C), oxygenated (95% O 2 and 5% CO 2 ) low calcium/high magnesium artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl 130, NaHCO 3 26, NaH 2 PO 4 1.25, KCl 3, CaCl 2 0.5, MgCl 2 7, glucose 15, ascorbic acid 0.5, sodium pyruvate 2, myo-inositol 3 (pH 7.3-7.4, osmolality ∼310 mosmol kg −1 ). Coronal brainstem slices (200 μm thick) were cut with a vibrating blade microtome (Leica VT1000S) and transferred in a submerged recovery chamber filled with standard oxygenated aCSF maintained at 35
• C containing (in mM): NaCl 130, NaHCO 3 26, NaH 2 PO 4 1.25, KCl 3, CaCl 2 2, MgCl 2 2, glucose 15, ascorbic acid 0.5, sodium pyruvate 2, myo-inositol 3 (pH 7.3-7.4, osmolality ∼310 mosmol kg −1 ). Slices were allowed to return from 35
• C to room temperature for 1 h and subsequently kept under continuous oxygenation until their transfer one by one to the recording chamber.
Electrophysiological recordings. At the beginning of each experiment, a slice was transferred to the recording chamber mounted on an upright microscope (Zeiss Axioskop 1FS) equipped with infra-red differential interference contrast imaging (IR-DIC) and a p1 precisExcite LED epifluorescence system (CooLED, Roper). PKD2L1:EGFP + cells and AlexaFluor 594 fluorescence were visualised under 490 nm and 590 nm illumination, respectively, and images captured with a CoolSNAP HQ 2 cooled CCD camera (Photometrics) connected to a computer through a frame grabber (CoolSNAP LVDS interface card, Photometrics) controlled by MetaView software (Molecular Devices Inc., Sunnyvale, CA, USA) . Recordings were restricted to cells located around the cc that exhibited a process extending toward the cc, ending with a bud, and identified as subependymal CSF-cNs (S-CSF-cNs; see in Fig. 1B inset, open triangles, and Fig. 1C) . Typically, in a slice, an EGFP + cell with the characteristic morphological properties of S-CSF-cNs was spotted under 490 nm illumination. The whole-cell configuration was obtained under IR-DIC illumination with a patch pipette containing 10 μM AlexaFluor 594 (Invitrogen) to confirm that the recorded cell was the selected one ( Fig. 2A) . This procedure also allowed us, on some occasions, to record S-CSF-cNs even using brain slices obtained from EGFP negative animals. Whole-cell patch-clamp recordings were performed in current-and/or voltage-clamp mode using a Multiclamp 700B patch-clamp amplifier (Molecular Devices). Patch pipettes were pulled from borosilicate glass capillaries (Harvard Apparatus, Les Ulis, France) and filled using an internal solution with composition detailed in Table 1 . The tip resistance of the electrodes was 5-7 M when filled with the intracellular solution. Access resistances, in the whole-cell configuration, ranged between 10 and 20 M and were not compensated. The access resistance (r S ) was monitored with a −20 mV calibration pulse regularly applied throughout each experiment. Recording was stopped when r S exceeded by more than 25% the original value. Typically, signals were filtered at 2.4 kHz, digitised between 10 and 20 kHz, and then acquired on a computer using the pCLAMP 9.2 suite (Molecular Devices).
Slice perfusion and drug application. Slices were continuously superfused at a rate of 2.5 ml min −1 with oxygenated standard aCSF (see composition above) maintained at room temperature (∼20
• C). Unless otherwise stated, all chemicals and drugs were purchased from Sigma-Aldrich. Selective antagonists or blockers were bath applied to block receptors and channels as follows: ionotropic glutamatergic receptors with 1 mM kynurenic acid; GABA A receptors with 10 μM gabazine (SR 95531, Ascent Scientific, Bristol, UK); glycine receptors with 1-10 μM strychnine; TRP and ASIC channels with amiloride 2 mM; and ASIC channels with 40 nM Psalmopoeus cambridgei toxin 1 (psalmotoxin 1 or PcTX1, a gift from Drs S. Diochot and E. Lingueglia). GABA, glycine, ATP, 2-methylthioadenosine triphosphate tetrasodium salt (2-Me-S-ATP, Tocris) and amiloride ( Fig. 6C ) were applied using a patch-clamp pipette connected to a pressure application system (Toohey Company) to allow rapid and focal application as well as rapid wash. Experiments were also performed using pressure application of aCSF in the absence of drugs in order to test for the existence of application artefacts or mechanical responses. However, no change in the holding current was observed in any of those control experiments confirming that effects were drug or test solution specific.
To force vesicular release and allow the characterisation of low frequency synaptic events, a hyperosmotic shock was used by adding 500 mM sucrose to the standard aCSF solution (final osmolality of 800 mosmol kg −1 ).
This solution was pressure applied for 10-30 s onto the recorded cells (see Fig. 3B -E).
Modulation of single-channel activity by variations in extracellular pH was determined using pressure application of test solutions at various pH values. Alkaline solution at pH 8.8 had the following composition (mM): NaCl 145, KCl 3, CaCl 2 2, MgCl 2 2, glucose 15, Hepes 10, (N -tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS) 10 (pH 8.8 adjusted with NaOH 1 M; ∼310 mosmol kg −1 ). The HCl pH 2.8 solution was prepared using (mM): NaCl 145, KCl 3, CaCl 2 2, MgCl 2 2, glucose 15, sucrose 10, Hepes 10 (pH 2.8 adjusted with HCl 1 M; ∼310 mosmol kg −1 ). To prepare the citric acid-based acidic solutions we added to the standard aCSF the citric acid/sodium citrate couple (final concentration 30 mM) in proportions enabling final pH values of 6.3, 6.0, 5.5, 5.0 and 2.8 (∼310 mosmol kg −1 ). To assess the osmosensitivity of channel activity, we used a modified control aCSF of the following composition (mM): NaCl 115, NaHCO 3 26, NaH 2 PO 4 1.25, KCl 3, CaCl 2 2, MgCl 2 2, sucrose 45, ascorbic acid 0.5, sodium pyruvate 2, myo-inositol 3 (pH 7.3-7.4, and osmolality of ∼310 mosmol kg −1 ). For the hypo-osmotic solution 45 mM sucrose was removed from the solution (osmolality of ∼265 mosmol kg −1 ) while for the hyperosmotic solution the sucrose concentration was increased to 90 mM (osmolality of ∼355 mosmol kg −1 ) without modifying the ionic concentration. These solutions were pressure applied for 3 min. The osmolality of all solutions was measured using a calibrated micro-osmometer (Roebling MessTechnick). in current-clamp mode at I = 0 just after the whole-cell configuration was achieved. Current responses to agonists were analysed using the Clampfit 9.2 suite (Molecular Devices) and Microsoft Excel 2007. Spontaneous synaptic current amplitude, rise time, frequency and decay time constant were determined using either the 'template event detection' routine from the Clampfit 9.2 suite (Molecular Devices) or Mini Analysis Software (Synaptosoft, Inc., Decatur, GA, USA). Single-channel activity was analysed over 10-60 s periods selected in each condition with the 'single-channel detection' routine from the Clampfit 9.2 suite to determine unitary current amplitude and opening durations. Typically, the channel opening probability (NP O with N the number of channels and P O the channel open probability) was calculated as the sum of open times divided by the time of analysis in each condition. We also carried out single channel analysis by determining the probability density function (PDF) using amplitude distribution histograms. Unitary current amplitude was measured as the peak-to-peak distance in Gaussian fits. Both analytic approaches gave equivalent results in the measure of single channel properties.
In each set of experiments, normalisation was calculated as the ratio between experimental data points obtained in a given condition (control, test or wash) divided by the average control value for the pooled data. All averaged data presented are given as means ± SEM. Statistical significance, assuming a non-Gaussian distribution, was determined using Kruskal-Wallis, non-parametric Mann-Whitney or Wilcoxon's matched-pairs signed rank statistical tests. Differences were considered statistically significant for P < 0.05. Statistical analysis was carried out with Prism 5.0.4 (GraphPad Software Inc., La Jolla, CA, USA). or phasic (right panel) action potential (AP) discharge in response to depolarising current injection (+20 pA, +40 pA). Note that while the tonic neurone responded with a higher AP discharge frequency when the injected current increased from +20 to +40 pA, the phasic neurone still generated a single AP. C, top, current-clamp trace from a S-CSF-cN recorded at resting potential (V r = −53 mV) showing spontaneous depolarising events (arrows) as well as spontaneous AP discharge (star). Bottom, at −80 mV (V h ) in voltage-clamp mode, the same neurone exhibited spontaneous inward currents. D, expanded portions, selected from the recording in C, showing that S-CSF-cNs exhibited both fast inward currents resembling synaptic events (arrows) and currents with a square time course (filled circle) characteristic of single-channel activity. Dashed line indicates channel closed state. Composition of the intracellular solutions used to characterise the electrophysiological properties of S-CSF-cNs with the mention of the ionic reversal potential for sodium (E Na ), potassium (E K ) and chloride (E Cl ) ions. Potassium chloride-based solution ( 
Immunohistochemistry
Mice were anaesthetised with a ketamine-xylazine mixture (see above, Slice preparation and electrophysiology) and were transcardially perfused first with phosphate buffer solution (PBS; 0.1 M). Subsequently the animals were perfused with 4% paraformaldehyde (PFA) in 0.1 M PBS. Brains were immediately removed, post-fixed 1 h in PBS-4% PFA at 4 • C, cryoprotected for 24-48 h in 30% sucrose at 4
• C and frozen in isopentane (−40 • C). Brainstem coronal and sagittal thin sections (40 μm) were obtained using a cryostat (Leika CM3050) and collected serially in 12-well plates containing 0.1 M PBS. Slices were incubated 1 h in PBS containing 0.3% Triton X-100 (Sigma) and 3% horse serum with 1% bovine serum albumin (BSA) for rabbit anti-PKD2L1 IgG (1:700) and 4% normal goat serum for chicken anti-vimentin IgG (1:2000) . Slices were incubated overnight at 4
• C with primary antibodies. Sections were then washed in PBS and incubated for 2 h with secondary antibodies conjugated to either AlexaFluor 488 or 594 (1:400). Primary and secondary antibodies were purchased from Millipore-Chemicon. Nuclear visualisation was achieved using bis-benzimide (Hoechst) coloration (1 μg ml −1 for 1-2 min, Sigma-Aldrich). Sections were mounted on gelatin coated slides and coverslipped with home-made mowiol mounting medium for fluorescence microscope preparation. Slides were observed and images acquired using a confocal microscope (Zeiss LSM700). Images were analysed and prepared using ZEN 2009 light Edition (Zeiss software) and ImageJ 1.45 (NIH).
Results
In the dorsal vagal complex, cells with S-CSF-cN morphology are present and express PKD2L1
When using their transgenic PKD2L1:EGFP + mice, Huang and colleagues (2006) suggested the presence of PKD2L1:EGFP + cells in the brainstem. As a preliminary step in our study and to confirm this assumption, we prepared coronal brainstem slices from transgenic PKD2L1:EGFP + mice and looked for EGFP + cells in this structure. Typically, we used slices at the postremal level containing the dorsal vagal complex (DVC) with its characteristic structures ( Fig. 1A ; Roux et al. 2009 ).
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Figure 3. S-CSF-cNs possess functional synaptic GABA A and glycine receptors A, left, representative current traces recorded at −80 mV in two S-CSF-cNs in response to pressure application of GABA (top; 1 mM, 50 ms, arrow) and glycine (bottom; 1 mM, 100 ms, arrow). In the presence of 10 μM gabazine (top) or 10 μM strychnine (bottom), pressure application of GABA or glycine, respectively, markedly reduced the elicited currents (grey traces). Right, spontaneous inward current activity recorded in voltage-clamp mode at −80 mV (V h ), in the presence of 1 mM kynurenic acid, a broad spectrum ionotropic glutamate receptors antagonist, to block fast glutamatergic transmission. Bottom, expanded portions selected from the current trace at the top showing that inward currents were of synaptic nature with a fast onset and an exponential decay. B, top, in the presence of 1 mM kynurenic acid and 10 μM gabazine, to block both glutamatergic and GABAergic transmission, When acute DVC coronal slices, obtained from PKD2L1:EGFP + mice, were illuminated at 490 nm in the recording chamber, EGFP + cells (peak emission at 520 nm) were visualised around the central canal (cc; Fig. 1B ). At this level, EGFP + cells had the characteristic morphology of spinal S-CSF-cNs (Stoeckel et al. 2003; Marichal et al. 2009 ) with small circular-shaped soma (diameter: 9.8 ± 0.3 μm; n = 30) from which a process projected towards the cavity and ended in the cc with a spherical protrusion or bud (diameter: 4.0 ± 0.1 μm; n = 30) (Figs 1B inset, . Although at the spinal cord level, S-CSF-cNs were suggested to bear a cilia on the bud (Stoeckel et al. 2003; Marichal et al. 2009 ), we never visualised such a structure on medullar S-CSF-cNs. Following whole-cell patch-clamp recording and cell dialysis with an intracellular solution containing 10 μM AlexaFluor 594, a thin projection (thin arrows in Fig. 1C ) resembling the axon could be visualised. Such thin processes could also be observed during visualisation of PFA-fixed brainstem coronal and horizontal sections obtained from EGFP + animals (data not shown). In some instances small enlargements resembling varicosities could be observed along these thin processes (data not shown), but a dedicated morphological study needs to be carried out to confirm their axonal nature. Note that in coronal DVC slices, these thin projections could only be followed over a very short distance suggesting, as proposed by Stoeckel et al. (2003) , that S-CSF-cN axons might run in the longitudinal plane.
Using the PKD2L1:EGFP mice model, EGFP + cells should also express PKD2L1 proteins. To validate our experimental model and confirm the EGFP/PKD2L1 double expression, we carried out immunohistochemical experiments using a selective antibody against PKD2L1. As illustrated on Fig. 1D , EGFP + cells around the cc showed positive immunoreactivity for PKD2L1 protein on their soma, along the neurite and, with a higher intensity, on the bud, thus confirming that in sections of fixed tissue obtained from PKD2L1:EGFP + animals, all EGFP + cells also expressed PKD2L1. These cells were distributed along the axis of the cc, as can be visualised on a sagittal section in Fig. 1E , but the density of S-CSF-cNs, very high at the spinal level, progressively diminished towards more rostral part of the cc with only few PKD2L1 + cells present next to the 4th ventricle (data not shown). PKD2L1:EGFP + cells were also present in the medullar parenchyma with no apparent contact with the cc (filled triangles in Fig. 1B and  D) . Finally, Fig. 1F shows that, around the cc, S-CSF-cNs were inserted between or close to ependymal cells labelled by an antibody raised against vimentin.
In the rest of our study, we focused our attention exclusively on S-CSF-cNs around the cc of the DVC and carried out their electrophysiological characterisation.
S-CSF-cN passive electrophysiological properties
As expected from their small size, S-CSF-cNs had a small mean membrane capacitance (3.4 ± 0.2 pF; n = 70) and a high input resistance (2.1 ± 0.3 G ; n = 70). In current-clamp mode at −60 mV (set by injecting currents of −10 to −20 pA), the ability of S-CSF-cNs to generate action potentials (APs) demonstrated their neuronal nature (Fig. 2B) . The analysis of the AP discharge pattern indicated that S-CSF-cNs consisted of two neuronal populations: tonic neurones generating a train of APs (41%) and phasic neurones generating a single AP (59%) upon positive current injection ( Fig. 2B ; potassium chloride (KCl) solution with symmetrical chloride conditions, Table 1 ). However, when tested using a Mann-Whitney test, these two groups of neurones did not present any differences in their passive properties, i.e. membrane resistance of 2.5 ± 0.8 G vs. 2.0 ± 0.4 G (P = 0.587), membrane capacitance of 4.1 ± 0.4 pF vs. 3.6 ± 0.3 pF (P = 0.332) and a membrane resting potential of −42 ± 2 mV (minimum value: −51 mV, maximum value: −40 mV) vs. −43 ± 2 mV (minimum value: −69 mV, maximum value: −40 mV) (P = 0.816) for tonic (n = 16) and phasic neurones (n = 23), respectively. Finally, at resting membrane potential, S-CSF-cNs pressure application of perfusion medium supplemented with 500 mM sucrose (10 s, black bar) evoked at −80 mV (V h ) a burst of synaptic events. Middle, expanded portions selected from the current trace at the top showing characteristic inward synaptic currents. Bottom, this sucrose-induced synaptic activity was completely blocked in the presence of 10 μM strychnine added to 1 mM kynurenic acid and 10 μM gabazine. C, top, in the presence of 1 mM kynurenic acid and 1 μM strychnine, to block both glutamatergic and glycinergic transmission, a similar protocol to that in B (30 s sucrose application, black bar) evoked a burst of synaptic events as can be better visualised on the selected expanded trace (middle). The sucrose-induced synaptic activity was completely blocked in the presence of 10 μM gabazine added to 1 mM kynurenic acid and 1 μM strychnine (bottom). D, summary bar graphs of average GABA (filled bar; n = 4) and glycine (open bar; n = 6) current amplitude (left) and decay time constant (right). In each cell, the decay time constant was obtained from the fit of the average current trace using a monoexponential function. * * P < 0.01. E, representative average GABAergic (left) and glycinergic (right) synaptic currents with the superimposed fit of the current decay (grey line, with the decay time constant of the illustrated cell above the traces). Bottom, for a better comparison of the current decays, GABAergic (black line) and glycinergic (grey line) currents shown at the top were normalised to the current peak and superimposed. J Physiol 590.16 exhibited depolarising events resembling post-synaptic potentials accompanied by or triggering AP discharge (Fig. 2C , top panel; KCl-based intracellular solution, Table 1 ). This suggests that S-CSF-cNs might receive synaptic inputs (see below Fig. 3 ). This assumption was confirmed by recordings in voltage-clamp mode, where S-CSF-cNs showed at −80 mV an inward current activity with a fast onset and an exponential recovery typical of spontaneous synaptic activity (Fig. 2C, bottom panel and  D) . A closer examination of the voltage-clamp recordings indicated that most of the observed spontaneous inward currents were in fact single-channel openings. On average the unitary currents amplitude was around 4 times smaller than the spontaneous synaptic currents when recorded at -80 mV with a high KCl-based intracellular solution (synaptic current amplitude: −44 ± 3 pA vs. unitary current amplitude: −12.0 ± 0.8 pA; n = 7 and 10 cells, respectively; Fig. 2D and see below). In the rest of our study, on the one hand, we characterised the nature of the ionotropic receptors expressed on medullar S-CSF-cNs and their involvement in a synaptic activity, and on the other hand we analysed the recorded single-channel activity and determined its properties.
S-CSF-cNs express functional ionotropic receptors
A previous study on rat spinal S-CSF-cNs has demonstrated the presence of GABA-induced currents mediated by GABA A receptor activation (Marichal et al. 2009 ). We therefore tested the functional expression of GABA A receptors in mice medullar S-CSF-cNs using pressure application of GABA (1 mM, 50 ms). At −80 mV, in voltage-clamp mode, pressure application of GABA induced, in all tested S-CSF-cNs, large and robust inward currents with a mean peak amplitude of −3.3 ± 0.5 nA (Fig. 3A , top left; n = 7; KCl-based symmetrical chloride conditions, Table 1 ). The current-voltage relationship of the recorded GABA currents, determined at holding potentials ranging from −80 to +60 mV (with 20 mV increments) indicated that the currents reversed at a membrane potential of −11 ± 7 mV (n = 4) close to the calculated equilibrium potential for chloride ions (E Cl = +2 mV with a KCl-based intracellular solution, Table 1 ). Finally, GABA-mediated currents were blocked by 10 μM gabazine, a selective antagonist for GABA A receptors (Fig. 3A , top left; inhibition of 94 ± 1%; n = 3).
In all tested S-CSF-cNs, we also observed inward currents with a mean peak amplitude of −174 ± 45 pA during glycine application (1 mM, 100 ms; n = 7; Fig. 3A bottom, left). The analysis of the current-voltage relationship for the glycine-mediated current (holding potentials ranging from −80 to +20 mV with 20 mV increments) revealed a reversal potential of −27 ± 3 mV close to E Cl set at −34 mV (potassium gluconate-based solution, Table 1 ; n = 5) and consistent with glycine-mediated chloride currents, an assumption confirmed by the strong block of the glycine-mediated currents observed in the presence of 10 μM strychnine, a selective antagonist for glycine receptors (Fig. 3A , bottom left; inhibition of 86 ± 4%; n = 5).
In rat spinal cord, Stoeckel et al. (2003) demonstrated the presence of P 2 X purinergic subunits on S-CSF-cNs and Marichal et al. (2009) recorded fast ATP-mediated currents. We therefore tested on murine medullar S-CSF-cNs pressure application of ATP (100 μM, 1-5 s; n = 3), a P 2 X purinergic receptors agonist. However, in contrast to the situation observed for spinal S-CSF-cNs, we did not observe any response (data not shown). To rule out the possibility for a rapid ATP hydrolysis in the slice that could explain the absence of response, we also tested 2-Me-S-ATP, a non-metabolisable ATP analogue. However, pressure application of 2-Me-S-ATP (100 μM, 1-5 s; n = 3) did not elicit any response either (data not shown). As a further control, since neurones of the dorsal motor nucleus of the vagus nerve (DMNX) are known to express functional purinergic receptors (Nabekura et al. 1995) , we tested both ATP and 2-Me-S-ATP application onto this neuronal population present in the same slice and could elicit current responses (data not shown).
Taken together, the results presented above therefore demonstrate that murine medullar S-CSF-cNs express functional ionotropic receptors for GABA and glycine, but no apparent ionotropic purinergic receptors. We next examined if the identified functional ionotropic receptors were involved in the observed synaptic activity.
Synaptic inputs onto S-CSF-cNs are GABAergic and glycinergic
As mentioned above, under voltage-clamp recording conditions at −80 mV, S-CSF-cNs exhibited inward currents similar to spontaneous synaptic activity (Figs 2D and 3A, right) . This spontaneous synaptic activity was observed with a low frequency of 0.5 ± 0.1 Hz (n = 11). At −80 mV these synaptic currents recorded with a KCl-based intracellular solution (E Cl set at +2 mV; Table  1 ) had on average an amplitude of −44 ± 3 pA (minimum amplitude: −5 pA; maximum amplitude: −248 pA; n = 7 cells and 262 events), a rise time of 1.2 ± 0.1 ms and a decay time constant of 11.4 ± 2.1 ms. Further, the plot of the rise time against the amplitude of the synaptic currents showed little correlation (r 2 = 0.48 ± 0.03 obtained from a linear regression; n = 7 cells) suggesting a little shaping of synaptic events by electrotonic filtering. Finally these synaptic currents would be of GABAergic nature since they persisted in the presence of kynurenic acid but were blocked when adding 10 μM gabazine to the aCSF. However, in a few cells, some rare synaptic currents could still be observed in the presence of kynurenic acid and gabazine. To characterise this rarely occurring synaptic activity, we forced vesicular release using the classical hyperosmotic shock (see Methods). Indeed, in the presence of 1 mM kynurenic acid and 10 μM gabazine, a situation where both glutamatergic and GABAergic ionotropic receptors are blocked, a 10 s application of hyperosmotic aCSF elicited a burst of synaptic events that was abolished by 10 μM strychnine ( Fig. 3B ; n = 6). These glycinergic synaptic currents had an average peak amplitude of −27 ± 4 pA and, at room temperature, a mean decay time constant of 3.6 ± 0.7 ms ( Fig. 3D ; n = 6 cells and from 35 to 80 events per cell; caesium acetate (CsAc)-based intracellular solution, see Table 1 ). To be able to compare GABAergic synaptic events with the glycinergic ones, we elicited GABAergic synaptic events and analysed their properties in the same recording conditions and following a similar hyperosmotic shock as in Fig. 3B (see above) . The GABAergic transmission was isolated using bath application of 1 μM strychnine in the presence of 1 mM kynurenic acid (Fig. 3C ). Under these recording conditions, a short application of the hyperosmotic solution induced, in the four tested S-CSF-cNs, a burst of synaptic activity that was fully blocked once 10 μM gabazine was added to the perfusion medium (Fig. 3C bottom; n = 4; CsAc-based intracellular solution, Table 1 ). The induced GABA synaptic events had an average peak amplitude of −25 ± 2 pA similar to the one measured for induced synaptic glycinergic currents (P = 0.392 for GABA vs. glycine events, non-parametric Mann-Whitney test). However, the mean decay time constant of GABAergic synaptic currents was significantly slower than the one measured for glycinergic synaptic currents ( Fig. 3D ; 10.4 ± 0.5 ms for GABA events; n = 4 cells and between 60 and 150 events per cell; P = 0.004 for GABA vs. glycine events, Mann-Whitney test) as can be seen from the normalised superimposed current traces in Fig. 3E .
These results therefore indicate that the synaptic activity recorded in S-CSF-cNs was due to the activation of both GABA A and glycine synaptic receptors. Finally, it is important to note that in the presence of gabazine and strychnine alone (no kynurenic acid) no synaptic activity could be recorded in S-CSF-cNs either spontaneous or following hyperosmotic shock (n = 4; data not shown). These results therefore indicate that S-CSF-cNs exclusively receive inhibitory synaptic currents mediated by GABA A and glycine receptors.
Medullar S-CSF-cNs express functional PKD2L1-like channels
PKD2L1 channels have been mainly studied in heterologous expression systems and are characterised by a large conductance, a non-selective cationic nature and an activity modulated by changes in both extracellular pH and osmolarity (see Introduction). We undertook a set of experiments to determine whether the channel carrying the unitary current recorded in S-CSF-cNs (Fig. 2D ) is PKD2L1 and therefore shares all its properties.
Under voltage-clamp recording conditions and in the whole-cell configuration, all recorded S-CSF-cNs exhibited a spontaneously occurring single-channel activity ( Figs 2D and 4) . This channel activity represented a hallmark of S-CSF-cNs, since it was never observed in any of the EGFP negative cells recorded close to the cc. In most cells, only one level of opening was observed. In these cells, single-channel activity was characterised, at −80 mV, by an inward unitary current with an average amplitude of −11.6 ± 0.4 pA and a mean open probability (NP O ) of 0.028 ± 0.004 ( Fig. 4 ; caesium chloride (CsCl)-based intracellular solution, Table 1 ; n = 28). In 16 out of the 28 recorded cells, a second level of similar absolute amplitude could be clearly detected but with a low probability of occurrence (NP O = 0.005 ± 0.001, n = 16; Fig. 4A and B). However, these recordings were obtained in the whole-cell configuration, which can present limitations for the accuracy in amplitude and kinetics analysis. So far, our attempts to record channel activity in outside-out mode were unsuccessful, presumably because of the very low expression of functional channels at the plasma membrane.
In order to determine the nature of the ion(s) flowing through the channel and the channel conductance, we recorded unitary currents at various holding potentials and analysed their current-voltage relationship. Figure 4C illustrates representative current traces obtained at holding potentials ranging from −80 to +40 mV (20 mV increments; Fig. 4C, left) . For each holding potential, the unitary current amplitude was measured (Fig. 4C, middle) and plotted against the holding potential to determine the current-voltage relationship (Fig. 4C, right) . In this cell, the reversal potential for the unitary current and the single-channel conductance, determined from the linear fit of the experimental data points, were +6 mV and 169 pS, respectively (Fig. 4C, right) . However, since under these recording conditions E Cl was set at +2 mV (CsCl intracellular solution, Table 1 ), and it was not possible to distinguish currents carried by anions from those carried by cations because both anionic and non-selective cationic currents would reverse close to 0 mV. To resolve this issue, we designed a new set of experiments and recorded, in the same cell, unitary currents and GABA-mediated chloride currents (pressure application of 1 mM GABA, 50 ms; see above). Recordings were carried out at holding potentials ranging from -80 to −20 mV (with 20 mV increments; Fig. 4D, left) . Note that for a better comparison of the current-voltage relationships, GABA-mediated and unitary currents were normalised to the peak current measured at −80 mV. From the experimental data points, we established the current-voltage relationship for the , from top to bottom, respectively. B, left, summary bar graphs of the average current amplitude for the opening of one channel (1st level, filled bar; n = 16 cells) or two channels (2nd level, open bar; n = 16 cells). Middle, average ratio of the current amplitude measured from the second opening level (A 2 ) divided by the one measured at the first level (A 1 ). This ratio is close to 2 suggesting the simultaneous opening of two channels. Right, summary bar graph for the average channel open probability (NP O ) for the opening of one channel (1st level, filled bar; n = 16 cells) or two channels (2nd level, open bar; n = 16 cells). Note the very low occurrence of multiple opening events. * * * P < 0.001. C, left, representative spontaneous single-channel current unitary current and compared it, in the same cell, to that of GABA-induced currents (Fig. 4D, right) . To be able to distinguish anionic currents (mostly carried by chloride ions) from the cationic ones, we set E Cl at −67 mV using a CsAc-based intracellular solution (see Table 1 ). Here, the reversal potential, obtained from the experimental data, for GABA A currents (E rev,GABA ) was −51 ± 2 mV (n = 6 cells) tending towards E Cl , as expected for GABA A currents, while the reversal potential for unitary currents remained more positive at +17 ± 5 mV ( Fig. 4D, right ; n = 6 cells). The discrepancy between E rev,GABA and E Cl (16 mV) might be due to the reported permeability of GABA A channels to bicarbonate that would shift E rev,GABA toward more positive values than E Cl (Kaila et al. 1989 ). Due to uncompensated series resistance (10-20 M ), we cannot exclude an error in determining the membrane voltage that might also contribute to this discrepancy. However, this error may be small as we estimated a maximal error of 5-10 mV in the membrane voltage given maximal mean peak amplitude for the GABA-induced current of ±500 pA in this set of experiments. From the slope of the experimental linear current-voltage relationship for the unitary current, the conductance could be estimated to 141 ± 7 pS (n = 6 cells). Therefore, the spontaneously occurring unitary currents recorded in S-CSF-cNs shared two basic properties with PKD2L1 mediated currents: it was non-selective cationic and passed through an ionic channel of large conductance. To further support the identity between PKD2L1 channels and the channel activity recorded in S-CSF-cNs, we next determined how channel activity was modulated.
Single-channel activity is modulated by extracellular pH
In heterologous expression system, PKD2L1 activity was shown to be modulated by variation in extracellular pH (Ishimaru et al. 2006; Inada et al. 2008; Ishii et al. 2009; Shimizu et al. 2009 ). Therefore, we investigated in S-CSF-cNs the channel sensitivity to extracellular pH variation.
We first tested the effect of an extreme extracellular acidification on single channel activity. Pressure application for 10 s of a citric acid solution at pH 2.8 induced in all tested S-CSF-cNs (Fig. 5A) , as well as in EGFP:PKD2L1 negative neurones (data not shown but see below Fig. 6 ), a biphasic response. This response was characterised by a fast inward and rapidly desensitising current ( Fig. 5A ; maximum: −190 pA, minimum: −126 pA and average peak amplitude of −170 ± 12 pA, n = 9; potassium gluconate-based intracellular solution, Table 1 ) followed by a sustained inward current of smaller amplitude that lasted for the whole duration of acid application. In agreement with the report of Shimizu et al. (2009) , during this plateau phase, channel activity was fully blocked (Fig. 5A, bottom, Fig. 5D and Table 2 ; n = 6). Note that the plateau phase was not due to a sustained full activation of the unitary current but rather to the activation of a persistent acid sensing conductance (see below and Fig. 6B ). The unitary current blockade mediated by citric acid at pH 2.8 was reversible and after a 20 s wash, NP O returned to control values (Fig. 5A , bottom and C; wash: 0.023 ± 0.005 vs. control: 0.037 ± 0.014; n = 6, P = 0.250, Wilcoxon's test). This channel blockade was not due to citric acid itself but to extracellular acidification since a 30 mM citric acid solution buffered at pH 6.3 was without any effect on NP O (Table 2 ; n = 4 and P = 0.006 vs. citric acid at pH 2.8, Mann-Whitney test). Moreover, the channel blockade was reproduced by application of a HCl solution at pH 2.8 (control: 0.025 ± 0.008 vs. HCl pH 2.8: 0.008 ± 0.004 and inhibition of 67 ± 16%; n = 10, P = 0.008, Wilcoxon's test and P = 0.125 vs. citric acid at pH 2.8, Mann-Whitney test). Because the effects of citric acid (n = 6) and HCl solutions (n = 10) at pH 2.8 were similar and not statistically different, we pooled the 16 cells responding to acidification. Under these conditions, the average NP O was traces recorded at holding potentials between −80 mV and +40 mV (in 20 mV increments) in one S-CSF-cN. Dashed line indicates channel closed state. Middle, representative all-points amplitude distribution histograms obtained from the recordings at holding potential of +40, −40 and −80 mV (from top to bottom). Arrow indicates for each holding potential the unitary current amplitude. Right, plot of the single-channel current amplitude against the holding potential obtained from the current traces illustrated on the left and calculated from the amplitude distribution histogram as illustrated in the middle. The unitary current reversal potential (E rev,Channel ) and the channel conductance (γ ) were obtained from the linear fit of the experimental data points (black line). D, left, representative current traces recorded between −80 mV and −20 mV (20 mV increments) showing in the same S-CSF-cN the current response to GABA pressure application (1 mM, 50 ms, arrow) and the unitary current. Right, plot against the holding potential of the mean peak amplitude of the GABA A current (open circles, n = 6) and of the mean single-channel current amplitude (grey circles, n = 6) obtained from the current traces illustrated on the left. For a better comparison of the two current-potential relationships, in each cell the experimental data points were normalised against the current amplitude recorded at −80 mV (filled square). The reversal potential for GABA A current (E rev,GABA ) and for unitary current (E rev,Channel ) were obtained from the linear fit of the experimental data points. The values indicated on the graph correspond to the mean values ± SEM for E rev,GABA , E rev,Channel and single-channel conductance (γ ) obtained from the fit of the raw data recorded in 6 different S-CSF-cNs. Note that on average E rev,GABA tended towards E Cl whereas E rev,Channel was more positive. J Physiol 590.16 0.035 ± 0.006 in controls and was reduced by 77 ± 11% upon extracellular acidification.
In current-clamp recording mode, extracellular acidification with a citric acid solution at pH 2.8 induced an initial large depolarisation generating APs followed by a sustained smaller depolarisation lasting as long as acid application (Fig. 5B, top) . These two phenomena represented a mirror image of the current recorded in voltage-clamp mode upon extracellular acidification (see top panels in Fig. 5A and B) . Interestingly, at the end of acid application, an increased excitability with large depolarising events (several tens of millivolts) could be observed (Fig. 5B , bottom, voltage traces 4 and 5; n = 3).
Finally, it was proposed that cells expressing PKD2L1 may display a delayed rebound activity or 'off-response' once the acid stimulus was stopped (Ishimaru et al. 2006; Inada et al. 2008; Ishii et al. 2009; Kawaguchi et al. 2010) . We therefore analysed the single-channel behaviour in the few seconds following the end of acid application to determine the presence of an 'off-response' . Indeed we could observe a single-channel rebound activity in S-CSF-cNs although in only 9 out of the 16 cells tested (Fig. 5C ). In these 16 cells, unitary current activity was strongly reduced during the application of the extracellular pH 2.8 acid solution (citric acid and HCl at pH 2.8) and in 9 out of these 16 cells, once acidic application had , during (Citric acid, pH 2.8; 2) and after (Wash; 3 to 5) extracellular acidification. Note that extracellular acidification evoked AP discharge at the start of citric acid application (2), presumably due to the inward current observed in voltage-clamp mode (see A top trace) and an increased depolarising activity at the end of exposure to acid (3). Interestingly on traces 4 and 5, depolarising events with kinetics similar to postsynaptic potentials (arrows) can be observed along with 'square-shaped' events (filled circles). C, summary bar graph for the variation in open probability (NP O as a percentage) before (CTR, black bars), during (pH 2.8, open bars) and after (Wash, grey bars) pressure application of a pH 2.8 acid solution. Note the increased channel activity at the end of acidic exposure. NP O values were obtained from recordings in 9 cells and represent mean values calculated over 10 s recording periods at the times indicated under the bars. D, summary histograms for the percentage of inhibition in NP O following pressure application of citric acid solution with increased acidity: pH 6.3 (n = 4), pH 6.0 (n = 5), pH 5.5 (n = 4), pH 5.0 (n = 5) and pH 2.8 (n = 6). See also Table 2 . For each pH condition, the NP O during application was compared against the corresponding control NP O and the percentage of inhibition calculated. * * * P < 0.001; * * P < 0.01; * P < 0.05, #full inhibition was observed for pH 2.8 and no statistical test could be performed.
stopped, the channel activity was increased by 100 ± 25% ( Fig. 5C ; with a rise in NP O from 0.026 ± 0.004 in control to 0.052 ± 0.006 in the first 10 s of wash; n = 9; P = 0.009, Wilcoxon's test) without modification of the unitary current amplitude. Since the recordings were carried out using a CsCl-based solution it was not possible to correlate the presence of a single channel rebound activity with intrinsic firing properties (tonic vs. phasic AP discharge). Finally, to test for a graded inhibitory effect of extracellular acidification on single channel activity, we pressure applied different citric acid solutions with pH varying from 6.3 to 2.8. These results are summarised in Table 2 and in Fig. 5D . A significant reduction in NP O was observed when pH was reduced below pH 5.5. In neurones, exposure to acidic solution has been shown to induce activation of voltage-insensitive cationic channels of small conductance with a very high sensitivity to protons, the acid sensing ionic channels (ASICs; Waldmann et al. 1997; Deval et al. 2010) . In response to extracellular acidification, ASIC activation elicits a fast inward rapidly desensitising current, which is, depending Figure 6 . In CSF-CNs extracellular acidification elicits ASICs activation and subsequent inhibition of PKD2L1 A, left, typical current response recorded at −80 mV (V h ) in one S-CSF-cN following 1 s pressure application of a citric acid solution at pH 2.8 (1 s, black bar). Black and grey traces represent respectively recordings in control and in the presence of 40 nM PcTx1, a blocker of homomeric ASIC1a and heteromeric ASIC1a/2b. Bottom, in the continuous presence of 2 mM amiloride, the pH 2.8 citric acid-mediated current was blocked as well as single channel openings. Right, summary bar graph for the average acid-mediated current in control (black bar, n = 14), in the presence of 40 nM PcTx1 (grey bar, n = 6) and in the presence of 2 mM amiloride (open bar, n = 4). * * * P < 0.001; * * P < 0.01. B, top, representative spontaneous current trace recorded in a S-CSF-cN at −80 mV (V h ) in the presence of 40 nM PcTx1 before, during and after pressure application of a citric acid, pH 2.8 solution (10 s, black bar). Note that although the acid-mediated fast inward current is strongly reduced in the presence of PcTx1, an acid-sensitive channel activity can still be recorded. Middle, expanded current traces selected from the recording at the top before (Control), during (Citric acid, pH 2. , open probability (NPO) and percentage of variation in NPO following variation in extracellular pH compared to values measured in control situation (CTR). Extracellular alkalinisation: TAPS pH 8.8 (n = 7); extracellular acidification with citric acid solutions at pH between 6.3 and 2.8. A full inhibition was observed with citric acid solution at pH 2.8, therefore no statistical significance could be calculated for this condition. Except in the presence of citric acid pH 2.8, where unitary channel amplitude could not be measured, there was no change in the amplitude of the unitary current. * P < 0.05; * * * P < 0.001. CTR: control; TAPS: (N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid. #Statistical test: Wilcoxon's matched-pairs signed rank test; NS: not statistically significant differences; na: not applicable.
on the subunit composition, accompanied or not by a sustained current of smaller amplitude (Deval et al. 2010) . In order to test if the rapid inward current observed in S-CSF-cNs is carried by ASICs and more importantly exclude ASIC involvement in the spontaneously occurring single channel activity, we determined the sensitivity of the acid-mediated current to Psalmopoeus cambridgei toxin 1 (PcTx1), a selective blocker for homomeric ASIC1a and heteromeric ASIC1a/2b (Diochot et al. 2007; Baron et al. 2008; Sherwood et al. 2011 ).
As mentioned above (Fig. 5A) , pressure application of a citric acid solution at pH 2.8 induced in all tested S-CSF-cNs, a fast inward and rapidly desensitising current (Fig. 6A) . This current was reduced by 87% following bath application of 40 nM PcTx1 ( Fig. 7A and B; maximum: −882 pA, minimum: −120 pA, average: −316 ± 55 pA in control, n = 14 vs. maximum: −74 pA, minimum: −16 pA, average: −40 ± 9 pA in PcTx1, n = 6; P = 0.0006, Wilcoxon's test). Note that PcTx1 application also blocked the sustained plateau current observed during prolonged acid exposure (Fig. 6B) . This result therefore indicates that in S-CSF-cNs, ASICs are responsible for the biphasic current response (fast transient and plateau currents) observed following acid application. Further, although the acid-mediated inward current was largely blocked in the presence of 40 nM PcTx1, the toxin altered neither the NP O (Fig. 6B , bottom left; 0.014 ± 0.006 in control vs. 0.014 ± 0.002 in PcTx1; n = 3, P = 1.000, Wilcoxon's test) nor the amplitude (Fig. 6B , bottom right; −9.5 ± 0.4 in control vs. −10.2 ± 0.4 in PcTx1; n = 3, P = 0.182, Wilcoxon's test) of the unitary current recorded in S-CSF-cNs. Moreover, during ASICs blockade with 40 nM PcTx1, acid application still suppressed single channel activity (Fig. 6B, top and middle) . We also tested the effect of amiloride, a non-specific drug that blocks both ASICs (Holzer, 2009 ) and PKD2L1 channels (Ishimaru et al. 2006; Dai et al. 2007) . As expected, when 2 mM amiloride was bath applied, no current response could be observed following short exposure to an acidic solution ( Fig. 6A, bottom ; −8 ± 3 pA in amiloride, n = 4; P = 0.003 vs. control, Wilcoxon's test) but also no single-channel activity was detected (Fig. 6A, bottom left) . Note that, in the four S-CSF-cNs tested, the spontaneously occurring channel activity was reversibly blocked by pressure application of 2 mM amiloride alone (Fig. 6C) . These results therefore indicate that S-CSF-cNs express functional ASICs responsible for the fast acid-induced current along with PKD2L1-like channels classically inhibited by acidic exposure.
In contrast, pressure application at −80 mV, in voltage-clamp mode, of a pH 8.8 TAPS-based solution reversibly increased the channel mean open probability by 88 ± 25% on average without affecting unitary current amplitude (Fig. 7A and Table 2 ; n = 7; potassium gluconate-based intracellular solution, Table 1 ). Note that in none of the experiments where extracellular pH was transiently modified was the single-channel amplitude affected (Table 2 ). The alkalinisation-mediated increase in single-channel activity was reversible, since 10 s after washing out the TAPS solution, NP O returned to control value ( Fig. 7A ; wash: 0.035 ± 0.06 vs. control: 0.026 ± 0.004; n = 7 and P = 0.310, Wilcoxon's test). Finally, application of the TAPS solution at pH 8.8 induced APs discharge in the three S-CSF-cNs tested under current-clamp mode (Fig. 7B) . One might therefore suggest that the higher single-channel activity induced by extracellular alkalinisation underlies the observed increased neuronal excitability.
Collectively, the results presented above first indicate that S-CSF-cNs express functional ASICs that are responsible for the initial fast current response following extracellular acidification and second show that extracellular acidification or alkalinisation decreased or increased single channel activity, respectively. These results are additional arguments suggesting that PKD2L1 channels carry the unitary current recorded in medullar S-CSF-cNs.
Single-channel activity is modulated by variations in extracellular osmolarity
PKD2L1 channels have been proposed to act as mechanoreceptors and to be modulated by variation in extracellular osmolarity, i.e. channel activity would be reduced or increased following an hyper-or hypo-osmotic challenge, respectively (Murakami et al. 2005; Shimizu et al. 2009) . As a supplementary line of evidence for the functional expression of PKD2L1 in medullar S-CSF-cNs, we therefore determined the osmosensitivity of the unitary-current recorded in our model. We first exposed S-CSF-cNs for 3 min to a hyperosmotic solution ( Fig. 8A ; from ∼310 to ∼355 mosmol kg see Methods) . In all the cells tested, this hyperosmotic challenge affected neither the unitary current amplitude (−8.9 ± 0.3 pA in control vs. −9.0 ± 0.3 in hyperosmotic condition; n = 5, P = 0.733, Wilcoxon's test;
CsCl-based solution, Table 1 ) nor the NP O (Fig. 8A ; 0.012 ± 0.004 in control vs. 0.009 ± 0.002 in hyperosmotic condition; n = 5, P = 0.291, Wilcoxon's test). However, a 28% decrease in NP O could be observed although not statistically significant (Fig. 8A, bottom right) .
In contrast, under the same recording conditions, a 3 min exposure to a hypo-osmotic solution (from ∼310 to ∼265 mosmol kg −1 , see Methods) induced a strong increase in NP O , i.e. 237 ± 69% in the three cells tested ( Fig. 8B ; 0.014 ± 0.003 in control vs. 0.046 ± 0.009 in hypo-osmotic condition; n = 3, P = 0.009, Wilcoxon's test) without affecting the unitary current amplitude (−9.3 ± 0.4 pA in control vs. −9.8 ± 0.4 in hypo-osmotic condition; n = 3, P = 0.250, Wilcoxon's test; CsCl based solution, Table 1 ). This increase in NP O was reversible since, in all cells tested, NP O returned to its control value following a 10 min wash (Fig. 8B , bottom right; 0.014 ± 0.003 in control vs. 0.014 ± 0.004 in hypo-osmotic condition; n = 3, P = 0.820, Wilcoxon's test). Therefore, the observed modulation of single-channel activity following hypo-osmotic shocks is a further argument pointing towards the functional expression of PKD2L1 channels in medullar S-CSF-cNs.
Discussion
Using PKD2L1:EGFP transgenic mice, we characterised for the first time the electrophysiological properties of medullar S-CSF-cNs. Here, we restricted our study to subependymal CSF-cNs with a soma close to the ependymal layer from which a neurite extended toward the cc and ended with a bud. Most studies aimed at characterising PKD2L1 channels and interfering with their properties have been conducted in cells that heterologously overexpressed PKD2L1 (Chen et al. 1999; Liu et al. 2002; Ishimaru et al. 2006; Ishii et al. 2009; Shimizu et al. 2009) . PKD2L1 have been shown to be expressed by spinal S-CSF-cNs (Huang et al. 2006) and taste receptor cells in the tongue (Huang et al. 2006; Ishimaru et al. 2006; Kawaguchi et al. 2010) . However, none of these studies have investigated PKD2L1 channel properties at the single channel level. This study represents the first recordings, in native neurones, of a PKD2L1-like unitary current and its modulation by extracellular pH and osmolarity.
CSF contacting neurones in mice brainstem
Although the presence of neurones in contact with the CSF had been demonstrated for decades in mammalian brain, most results are morphological and the exact distribution and function of CSF-cNs remain elusive (Vigh & Vigh-Teichmann, 1998; Vígh et al. 2004 ). To our knowledge, CSF-cNs have not been characterised in mice brainstem and only a few studies in vertebrate spinal cord have determined their morphological and electrophysiological properties (Stoeckel et al. 2003; Russo et al. 2004; Huang et al. 2006; Marichal et al. 2009; Reali et al. 2011) . In these reports, subependymal CSF-cNs presented the same peculiar morphology as the medullar S-CSF-cNs described in the present study with a small soma projecting a single process toward the cc and ending with a spherical protrusion called bud (Stoeckel et al. 2003; Russo et al. 2004; Huang et al. 2006; Marichal et al. 2009; Reali et al. 2011) . In our study, thin axon-like processes could be observed only over short distances, presumably because they run longitudinally (Vigh et al. 1977; Stoeckel et al. 2003) and were cut in our coronal slices. Further, a cilium extending from the bud of rat spinal S-CSF-cNs was reported using electron microscopy techniques (Stoeckel et al. 2003) or following cellular dialysis with a fluorescent marker (Marichal et al. 2009 ). We never visualised any structure resembling a cilium at the end of the bud in EGFP + or AlexaFluor 594 loaded medullar S-CSF-cNs. This discrepancy could either be due to technical issues where cilia would have been lost during the slicing procedure or to differences in morphology since CSF-cNs were suggested to represent a largely heterogeneous neuronal population (Vigh & Vigh-Teichmann, 1998; Vígh et al. 2004 ). Although we cannot rule out species or regional differences, this issue deserves to be addressed specifically in our model using appropriate histological techniques.
As mentioned above, mice medullar S-CSF-cNs shared numerous morphological properties with spinal S-CSF-cNs (Marichal et al. 2009 ). However, we demonstrated some strikingly different electrophysiological characteristics. First, in contrast with the three cellular types described by Marichal and colleagues (2009) , we never observed S-CSF-cNs showing slow-depolarisation spikes indicative of an immature neuronal state. Most likely, the difference observed was due to the age difference between adult mice used in our study (P56-P70) and younger rats at different ages (neonatal, P0-P5 and juvenile, P15-P18). Second, we were unable to record the fast ATP-mediated currents elicited in rat spinal S-CSF-cNs (Marichal et al. 2009 ). As mentioned in Results, this might be due either to differences in species or to regional differences between spinal and medullar S-CSF-cNs. Finally, Marichal et al. (2009) mentioned the presence of events resembling postsynaptic potentials. Here, we demonstrated that medullar S-CSF-cNs exclusively receive GABAergic and/or glycinergic synaptic entries, and this result represents the first characterisation of functional inhibitory synaptic contacts onto this neuronal population. GABAergic neurotransmission is known to play an important role in the maturation of neuronal circuitry and switches from a depolarising action in the early developmental stages to a hyperpolarising one once the neuronal circuitry has matured (Ben-Ari, 2002) . Such a dual action of GABA was recently demonstrated in spinal S-CSF-cNs and they were suggested to represent a population with neurones at various stages of maturity (Marichal et al. 2009; Reali et al. 2011) . Therefore the physiological action of GABA and/or inhibitory transmission would need to be specifically addressed in mice medullar S-CSF-cNs to determine which physiological action GABA A receptors activation has on neuronal excitability and if medullar and spinal S-CSF-cNs share similar properties. Moreover, neither the exact origin of the fibres contacting medullar S-CSF-cNs nor the source of GABA is known. But numerous GABAergic neurones are interspersed in the solitary tract nucleus (Fong et al. 2005) and may be good candidates. On the other hand, spinal S-CSF-cNs were demonstrated to be GABAergic (Stoeckel et al. 2003) and may receive synapses from axon collaterals of neighbouring S-CSF-cNs as suggested by Vigh et al. (1977) . We do not know if murine medullar S-CSF-cNs are GABAergic neurones and if such collaterals exist between medullar S-CSF-cNs. At this stage of the study, these two important questions remain open but will need to be specifically addressed in a dedicated study.
Single-channel activity in S-CSF-cNs and PKD2L1
All subependymal PKD2L1
+ CSF-cNs recorded in brainstem slices exhibited spontaneous single-channel activity that represented a hallmark for these neurones since this was never observed in EGFP negative cells even when localised close to the cc. Our data show that the unitary current recorded in S-CSF-cNs is due to the opening of a non-selective cationic channel of high conductance modulated by both extracellular pH and osmolarity (see above Figs 5, 7 and 8) . Since all these properties have been reported for PKD2L1 channels overexpressed in oocytes and human embryonic kidney cells (HEK293T) (Chen et al. 1999; Ishimaru et al. 2006; Inada et al. 2008; Shimizu et al. 2009 ), one can assume that the single-channel activity recorded in S-CSF-cNs is carried by PKD2L1 channels.
Considering the strong immunoreactivity observed for PKD2L1 in S-CSF-cNs (see Fig. 1 ), it is surprising not to be able to record larger whole-cell PKD2L1-like currents. So far we were unsuccessful in recording PKD2L1 channels in the cell-attached or outside-out mode either from S-CSF-cNs somas or even from buds, which indicates an extremely low density of functional channels in the plasma membrane. In fact, in most cases, only one or two channels were recorded. This discrepancy could be explained by several mechanisms recently reported. Firstly, the functional stabilisation of PKD2L1 at the plasma membrane as well as the level of channel activity was suggested to depend on physical interactions between PKD2L1 and various partners. In the cases where such partners are absent or expressed at a lower level, PKD2L1 channel activity would be accordingly reduced (Murakami et al. 2005; Li et al. 2007; Inada et al. 2008; Ishimaru et al. 2010) . Among these partners, PKD1L3, a polycystin subtype with 11 transmembrane domains, was shown to interact with PKD2L1 to enhance its activity, and to be involved in the 'off-response' observed following acid exposure (Murakami et al. 2005; Inada et al. 2008; Ishimaru et al. 2010) . In medullar S-CSF-cNs we could record such an 'off-response' at the end of the acid exposure in more than half of the tested cells (see Fig. 5C ). Moreover, preliminary results using RT-PCR techniques on tissues collected around the cc of the DVC indicated the presence of mRNA transcripts for both PKD2L1 and PKD1L3 (data not shown). Although PKD1L3 is not the only protein that may interact with PKD2L1, its presence in the brainstem makes it a good potential partner J Physiol 590.16 capable of regulating channel activity as demonstrated in some taste cell receptors (Huang et al. 2006; LopezJimenez et al. 2006) . On the other hand, Yang et al. (2012) recently demonstrated that receptor for activated C kinase 1 (RACK1), an anchoring protein, would interfere with membrane expression and activity of PKD2L1 channels. Secondly, PKD2L1, like PKD2, presents an endoplasmic reticulum (ER) retention signal that would lead to the preferential localisation of the channel at the ER membrane (Murakami et al. 2005; Li et al. 2007; Ishimaru et al. 2010) . At this intracellular location they might play a role in the mobilisation of intracellular calcium from internal calcium stores since PKD2L1 channels are also permeable to calcium (Chen et al. 1999; Koulen et al. 2002) . We do not know yet whether such a role in intracellular calcium homeostasis exists in S-CSF-cNs and if it could involve PKD2L1. Finally, PKD2L1 proteins have been localised in various cellular sites such as plasma membrane, ER and primary cilium, and trafficking between endoplasmic reticulum and plasma membrane does occur (Köttgen et al. 2005; Tsiokas et al. 2007) . Such a regulated PKD2L1 trafficking from the ER and functional stabilisation in the plasma membrane could be another mechanism limiting PKD2L1 channel activity in medullar S-CSF-cNs.
Despite the low density of functional channels in the plasma membrane, our data also suggest that activation of a single PKD2L1-like channel is capable of modulating cell excitability. An increase in channel open probability by washout of acid solution (Fig. 5) or alkalinisation (Fig. 7 ) might lead to an enhanced AP discharge activity probably due to the high input resistance of S-CSF-cNs. Triggering action potentials by single channel opening has been previously observed in some high-resistive cells (Lynch & Barry, 1989; Johansson & Arhem, 1994) . Therefore, one may suggest that, even at a low density, PKD2L1-like channels expressed at plasma membrane might play an important role in determining S-CSF-cN excitability. Thus it is important to investigate which cellular mechanisms control PKD2L1 channel activity and how they are regulated. Such a dedicated study would enable a better understanding of the function of the PKD2L1 channel especially in S-CSF-cNs. Huang and colleagues (2006) as well as Marichal and colleagues (2009) showed that short extracellular acidification triggered an enhanced excitability in spinal S-CSF-cNs, and they both argue, although carefully, that it could involve PKD2L1 activity. We have a different interpretation. Our results show that S-CSF-cNs responded to a strong extracellular acidification (pH 2.8; Fig. 5B ) by an ON and OFF burst of action potentials spaced by a plateau potential. The ON response consisting in a large inward desensitising current is most likely mediated by ASC1a containing channels because of its high sensitivity to psalmotoxin 1 (Baron et al. 2008) . On the other hand, the PKDL21-like conductance is not involved in the ON response since we found that strong acidification totally inhibited the single channel activity as reported by others (Chen et al. 1999; Shimizu et al. 2009 ). Secondly, following the washout of the pH 2.8 acid solution, we recorded, in half of the tested cells, an increased single channel activity resembling the OFF response to acidification reported in HEK293T cells expressing PKD2L1 (Ishimaru et al. 2006; Inada et al. 2008) and in mouse taste cells (Kawaguchi et al. 2010) . Interestingly, under current-clamp mode, we also observed following acid washout an increased excitability (Fig. 5B ) that might be related to the observed enhanced PKD2L1-like channel activity. This suggests that extracellular acidification would be coded by both ASICs (ON response) and PKD2L1-like channels (OFF response). In contrast, as reported by Shimizu et al. (2009) , we found that alkalinisation is more efficient to activate PKD2L1 channels. The variations in extracellular pH we used to test the modulation of the recorded unitary current are well beyond any pathophysiological pH value, even if one considers that large pH changes might occur locally. However, the choice for a pH 2.8 acid solution was motivated by protocols used in heterologous expression systems that enabled the characterisation of PKD2L1 properties, but we show that single channel activity was also significantly reduced by changes in extracellular pH around 5.5. It is worth noting that a pH sensitivity around pH 5.0 was also found in native taste cells from mouse circumvallate papillae (Kawaguchi et al. 2010) . Overall, this sensitivity to extracellular pH points toward a chemosensitive function for S-CSF-cNs potentially carried by PKD2L1. At this stage, it is necessary to define under which physiological or pathological situation PKD2L1 might be activated and whether it confers a chemosensory role to S-CSF-cNs. Single channel activity was also modulated by change in extracellular osmolarity, especially following hypo-osmotic challenges, pointing to a possible mechanosensitive function for S-CSF-cNs namely a sensitivity to alteration of the cerebrospinal fluid balance or composition. Such chemo-and mechanosensitive functions remain to be proven, and the physiological contexts in which these medullar S-CSF-cNs might play a role in mammals remain to be found.
Concluding remarks
Little is known about the physiological role of CSF-cNs in the brain. At the level of the spinal cord, several studies proposed a function or involvement in neurogenic mechanisms and suggested that S-CSF-cNs represent a reservoir of immature neurones potentially activated following spinal injuries (Stoeckel et al. 2003; Marichal et al. 2009; Reali et al. 2011) . Spinal S-CSF-cNs were also proposed to play a role in the control or induction of locomotion and swimming. Indeed in the zebra fish larvae, the activation of spinal S-CSF-cNs, referred to as Kolmer Agdhur cells, would mimic spontaneous slow forward swimming (Wyart et al. 2009 ). It is unlikely that medullar S-CSF-cNs play a role in locomotion as the brainstem is a structure mainly involved in the regulation of autonomic functions (Guyenet, 2006; Schwartz, 2006 for review) . In this context, a major field of research in our laboratory is studying the role of the DVC (see Fig. 1A ) in energy homeostasis and particularly in the regulation of food intake. It is worth noting that the DVC integrates information of multiple origins: (i) neuronal from vagal and hypothalamic afferences, (ii) vascular via the area postrema, which is devoid of a blood-brain barrier, and (iii) circulating signals from the CSF. Many anorexigenic factors such as leptin, cholecystokinin, α-melanocyte stimulating hormone and orexigenic factors such as ghrelin and NPY are present in the CSF (Schwartz et al. 1996; Tritos et al. 2003; Popovic et al. 2004) . The presence of CSF-cNs in DVC and hypothalamus, the two main brain structures regulating energy homeostasis, makes them good candidates for integrating CSF circulating signals known to affect food intake and homeostasis in general. This remains to be proven, which would require evaluating the sensitivity of CSF-cNs to these factors, and obviously identifying the targets of S-CSF-cNs, which remain so far totally obscure. Decoding the neuronal network that S-CSF-cNs are involved in represents the future challenge, essential for a better understanding of such a peculiar neuronal population conserved in the brain of all vertebrates.
